Chenodeoxycholate is toxic to hepatocytes, and accumulation of chenodeoxycholate in the liver during cholestasis may potentiate hepatocellular injury. However, the mechanism of hepatocellular injury by chenodeoxycholate remains obscure. Our aim was to determine the mechanism of cytotoxicity by chenode- (Ca, 2.) was observed. Removal of extracellular Ca2" abolished the rise in Ca,2., decreased cellular proteolysis, and protected against cell killing by glycochenodeoxycholate. The results suggest that glycochenodeoxycholate cytotoxicity results from ATP depletion followed by a subsequent rise in Ca,". The rise in Ca,2. leads to an increase in calcium-dependent degradative proteolysis and, ultimately, cell death. We conclude that glycochenodeoxycholate causes a bioenergetic form of lethal cell injury dependent on ATP depletion analogous to the lethal cell injury of anoxia. (J. Clin. Invest. 1993. 92:17-24.)
Introduction
Bile salts are transported into the hepatocyte by a specific transport protein on the sinusoidal plasma membrane, vectorially transported across the cell, and excreted by the hepatocyte canalicular membrane into bile. Cholestasis, the impairment ofbile flow, inhibits excretion of bile salts into bile, leading to an accumulation of bile salts within the hepatocyte. Intracellular accumulation of bile salts by the hepatocyte during cholestasis is thought to play a pivotal role in cholestatic liver injury. Indeed, bile salts have been shown to be cytotoxic for hepatocytes, intestinal epithelial cells, and mast cells (1) (2) (3) (4) (5) . Recent data demonstrating that ursodeoxycholate (the 7-beta epimer of the primary bile salt chenodeoxycholate [CDC] ') ameliorates human cholestatic liver disease have stimulated renewed interest in the cellular mechanisms of lethal bile salt injury (6-1 1 ) . Because bile salts are detergents and form micelles, bile acid cytotoxicity has been attributed to their detergent properties (1, 7, 8) . However, changes in cytosolic free calcium (Ca,2") and ATP have also been proposed as nondetergent mechanisms for bile salt-associated cytotoxicity. Indeed, toxic bile salts cause hemolysis of ATP-depleted red blood cells by a calcium-dependent mechanism ( 12 ) . Moreover, monohydroxylated bile salts lead to an increase in Ca,2' by releasing calcium from intracellular stores at concentrations of only 100 ALM (13) , and dihydroxylated bile salts have been demonstrated to increase the permeability of synthetic membranes and biomembranes to calcium and cause an increase in Ca,2" in hepatocytes (14) (15) (16) (17) . A sustained increase in Ca,2' has been proposed as a common mechanism of cell death by activating calcium-dependent degradative hydrolases, including proteases, phospholipases, and endonucleases ( 18, 19) . Thus, bile salt cytotoxicity may be mediated by changes in cellular ATP and calcium concentrations.
A likely candidate for bile salt-mediated hepatocellular injury during cholestasis is CDC. CDC, a primary bile salt, is known to be directly cytotoxic for hepatocytes (20) . Hepatic concentrations of CDC increase 20-fold during cholestasis (21) . CDC is > 95% conjugated to glycine or taurine in bile during cholestasis with a glycine/taurine ratio of 3:2, and glycine conjugates of toxic bile salts are generally more toxic than taurine conjugates ( 1, 22, 23) . In addition, hepatic tissue concentrations of CDC during cholestasis are greater than those of other toxic bile salts such as lithocholate and deoxycholate (21 ) . This information indicates that the mechanisms ofCDCmediated cytotoxicity are of potential clinical importance. However, information is lacking regarding the cellular mechanisms mediating lethal hepatocellular injury by CDC. Thus, our aim was to determine the mechanisms of glycochenodeoxycholate(GCDC)-mediated lethal hepatocellular injury using rat hepatocytes.
Methods
Cell isolation and culture. The use and care of the animals for these studies were reviewed and approved by the Institutional Animal Care and Use Committee at the Mayo Clinic. Hepatocyte suspensions were isolated from adult male Sprague-Dawley rats (250-350 g) as previouslydescribedin detail (24, 25 Measurement of mitochondrial membrane potential. The mitochondrial membrane potential was monitored using the membrane potential-sensitive dye TMRE and digitized video microscopy (24) . TMRE is a fluorescent lipophilic cation that electrophoretically redistributes across the mitochondrial membrane according to the mitochondrial membrane potential. The exclusivity of TMRE localization to mitochondria has been demonstrated using confocal microscopy by Loew and co-workers (31 ) . The mitochondrial membrane potential was monitored from TMRE fluorescence using a 546-nm excitation filter, a 580-nm dichroic reflector, and a 590-nm long-pass filter. Cells loaded with TMRE were incubated on the microscope stage with KRH containing 50 nM TMRE at 37°C. Cellular fluorescence was quantitated by multiplying the average fluorescence intensity in the cell by the number of pixels above background using a threshold of zero.
Measurement ofmitochondrial respiration in digitonin-permeabilized cells. Hepatocytes were permeabilized with digitonin and mitochondrial respiration quantitated as described by Moreadith and Fiskum (32) . Briefly, hepatocytes were added to respiration buffer containing 10 1M digitonin at a concentration of 0.5 X 106/ml. At this concentration of digitonin and cells the plasma membrane is rapidly permeabilized by digitonin, but the mitochondrial membrane is left intact (32) . Oxygen consumption was measured using an air-tight chamber (model 5301; Yellow Springs Instrument Co., Yellow Springs, OH) with a biological oxygen monitor (model 5300; Yellow Springs Instrument Co.) equipped with an oxygen sensor (model 5331; Yellow Springs Instrument Co.). A strip chart recorder was used to monitor the rate of oxygen consumption over time. Temperature was maintained at 37°C using a circulating water bath. State 3 respiration was measured in the presence of5 MM rotenone, 5 mM succinate, and 1 mM ADP (32) . State 4 respiration was measured under identical conditions as state 3 except oligomycin, 1 ug/ml, was added to the buffer (32) . The acceptor control ratio was defined as the rate of state 3 respiration divided by the rate of state 4 respiration.
Measurements ofproteolysis. Hydrolysis of proteins results in the exposure of a primary amino group for every peptide bond broken (except bonds to proline). Measurement of the free primary amines provides a sensitive method to measure proteolysis. We used fluorescamine, a reagent that reacts with primary amines to form a fluorescent product, to quantitate proteolysis in cell suspensions using a slight modification of the technique of Pacifici and Davies, as we previously described (24, 33 (Fig. 3) . High concentrations of fructose have been shown to prevent total ATP depletion during cell injury by enhancing glycolytic generation of ATP (34) . Therefore, we determined the effect of fructose on hepatocellular ATP concentrations during cytotoxicity by GCDC (Fig. 3) . In the presence of 20 mM fructose, ATP concentrations initially fell to 30±2% of the initial value after 45 min and then increased and remained at values of49±6% ofthe initial value thereafter (Fig.  3) . The fructose-associated biphasic changes in cellular ATP concentration during cell injury are incompletely understood, but have been previously described (35) . In addition to protecting against ATP depletion, fructose also protected against GCDC cytotoxicity (cell viability of 23±1% without fructose vs. 74±2% with fructose after 2 h of exposure to GCDC, P < 0.01, Fig. 4 ). In contrast, isosmotic replacement of fructose with 20 mM PEG (Fig. 4) was responding appropriately to changes in the mitochondrial membrane potential (Fig. 5) . Using the substrates ADP and succinate to assess mitochondrial respiration, we obtained an acceptor control ratio (state 3 respiration/state 4 respiration) of 4.6, a value similar to that reported in the literature (32) . In contrast to the lack of effect of GCDC on the mitochondrial membrane potential, GCDC inhibited state 3 mitochondrial respiration in a dose-dependent manner (Fig. 6 ). GCDC did not affect state 4 respiration (data not shown). TUDC had no effect on state 3 mitochondrial respiration (Fig. 6) . Thus, GCDC specifically and directly impairs mitochondrial function by a mechanism that does not involve uncoupling of mitochondria.
GCDC increases Ca,2. Ca,2 was measured in single, cultured hepatocytes loaded with fura-2 using multiparameter digitized video microscopy. The onset ofcell death was identified by the abrupt loss of fura-2 fluorescence as previously reported (36) . Basal values of Ca,2+ were 222±30 nM, similar to the value of 247±53 nM reported by Tsien and co-workers (37).
After treatment with 250 jsM GCDC, Ca,2+ remained stable before rising to 1,000-1,200 nM in a 60-1 80-min period preceding cell death (Fig. 7, top) . To determine whether the source ofCa2+ responsible for the increase in Ca,2+ was intra-or extracellular, experiments were performed using KRH buffer without added calcium. After treatment with 250 ,M GCDC in the absence of added extracellular calcium, no rise in Ca_2+ occurred over a 6-h period and loss of cell viability was not observed (Fig. 7) . Finally, addition of 20 mM fructose to KRH buffer containing calcium also prevented the rise in cytosolic Removal ofextracellular calcium protects against cell killing and inhibits cellular proteolysis during cytotoxicity by GCDC. Removal ofCa2+ from the suspension buffer prevented GCDC cytotoxicity (Fig. 8) . After 
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GCDC, cell viability was only 23±1% with extracellular Ca2+ compared with 80±1% in the absence of added extracellular Ca2+ (P < 0.01). The rise in Ca_2' during GCDC cytotoxicity is delayed until after 1 h (Fig. 7) . Removal of extracellular calcium after 1 h ofexposure to 250 AM GCDC and before the rise in Ca,2+ also improved cell viability equal to that ofcells treated ....... Fructose with GCDC in Ca2+-free media from the onset of the experiFructose + GCDC ment (data not shown). Thus, GCDC-mediated cytotoxicity appears to be dependent upon an influx of extracellular Ca2+ into the cell leading to a rise in Ca,2 . Sustained increases in Ca,2+ are thought to contribute to lethal cell injury by activating calcium-dependent proteases ( 18, 19, 24 (Fig. 10) . After Ca2" with a variety of dihydroxy bile salts ( 16) . In our studies, we also found that fructose prevented the rise in Ca,2", suggesting that the rise in Ca,2" could be prevented by maintaining cellular ATP concentration. Although the role of ATP depletion in causing a rise in Ca,2" during cell injury is controversial (45, 48) , recent data suggest that ATP depletion is associated with increases of Ca,2" (35, 49) . Moreover, bile salts have the additional effect of promoting calcium movement across biomembranes, liposomes, and synthetic membranes (14, 15, 17) . The combination ofATP depletion and this calcium ionophore-like activity of bile salts may both be necessary for the rise in Ca,2" during GCDC cytotoxicity. The observation by others that the nontoxic bile salt, ursodeoxycholate, increases Ca,2+, but does not cause ATP depletion as shown in our studies, further supports the concept that both ATP depletion and increases in Ca,2+ are required for cytotoxicity (50) .
Loss ofcell viability was measured in cell suspensions while Ca, was measured in individual, cultured hepatocytes. Ca,2+
cannot be measured in hepatocyte suspensions using fura-2, because hepatocytes efficiently transport fura-2 into the extracellular medium and fluorescent measurements reflect principally extracellular Ca2+. However, fura-2 can be used to measure Ca,2' in cultured hepatocytes using digitized video microscopy as only the intracellular fluorescence is quantitated (51 ) . After exposure to GCDC, the time to cell death was prolonged in cultured cells as compared with cell suspensions. Prolonged survival in the cultured cells may be due to less efficient transport of bile salts by cultured hepatocytes (26). Despite the differences in time to death, the sequence of intracellular events appeared to be the same as calcium was important for cell death in both models. Indeed, removal ofextracellular calcium prevented the rise in Cal2+ during GCDC cytotoxicity in cultured cells and prolonged cell survival in both cultured cells and cell suspensions. Calcium-dependent, autolytic degradative proteolysis has been implicated in lethal hepatocellular injury (52, 53) . Removal ofextracellular Ca2+ inhibited proteolysis and protected against cell killing by GCDC. Our data suggest that calciummediated degradative proteolysis may play a key role in lethal hepatocellular injury by GCDC. Proteolysis may be lysosomal or nonlysosomal. Because lysosomal proteolysis can be expected to be suppressed during ATP depletion and cell injury (54, 55) , it is reasonable to assume that calcium-dependent, nonlysosomal proteolysis contributes to lethal cell injury by GCDC. Indeed, an increase in calcium-dependent nonlysosomal proteolysis has been described as a mechanism for lethal hepatocellular injury by cystamine (53) .
Our working hypothesis is that GCDC cytotoxicity is dependent on ATP depletion and a direct physicochemical interaction of the bile salt with the plasma membrane increasing calcium permeability. Initially, GCDC is transported into the hepatocyte where it impairs mitochondrial oxidative phosphorylation causing ATP depletion. In addition, GCDC appears to increase the plasma membrane permeability to extracellular Ca2", causing calcium to enter the cell. The increased membrane permeability to calcium may be due to a direct physicochemical effect of GCDC on the plasma membrane. Although the critical micellar concentration of bile salts is in the 2-3-mM range in electrolyte solutions, critical concentrations of bile salts for formation of mixed micelles with membrane lipids are much lower, 0.1-0.2 mM, and are associated with an enhanced permeability of membranes (56, 57) . In the absence of ATP, failure of the plasmalemma and endoplasmic reticulum ATP-dependent calcium pumps would lead to a sustained rise in Ca,2 , activating degradative hydrolases such as nonlysosomal proteases, phospholipases, and endonucleases (58) . Increased activity of these hydrolases leads to degradation ofcellular proteins, membranes, DNA, and RNA, producing cell dysfunction and cell death. Our data, demonstrating that lethal hepatocellular injury by GCDC can be inhibited by preventing the rise in Ca,2 with fructose or removing extracellular Ca2 , support this hypothesis. Although our initial studies identified calcium-dependent proteolysis during GCDC cytotoxicity, identifying the precise role of these proteases and of phospholipases and endonucleases in mediating GCDC cytotoxicity will require further work. The dependence on ATP depletion suggests that GCDC causes a bioenergetic form of lethal cell injury analogous to anoxic hepatocellular injury. Finally, this model provides a framework to determine the injurious effects ofbile acids in cholestasis and the site(s) ofcytoprotection by ursodeoxycholate.
